Parsing the Heart: Genetic Modules for Organ Assembly  by Fishman, Mark C & Olson, Eric N
Cell, Vol. 91, 153±156, October 17, 1997, Copyright 1997 by Cell Press
Parsing the Heart: Genetic Minireview
Modules for Organ Assembly
Mark C. Fishman*³ and Eric N. Olson² which grows to several layers of thickness. The lumen
is lined by a single-cell layer of endocardium formed by*Cardiovascular Research Center
Massachusetts General Hospital a type of noncontractile endothelial cell similar to that
which lines blood vessels. The tube is subdivided alongHarvard Medical School
Charlestown, Massachusetts 02129 its length into segmental zones of gene expression that
presage the location of the atrial and ventricular cham-²Department of Molecular Biology and Oncology
University of Texas Southwestern Medical bers. In vertebrates with four-chambered hearts, such
as mammals, the segment of the heart tube destined toCenter at Dallas
Dallas, Texas 75235 form the right ventricle lies anterior to the future left
ventricular segment. The process of looping (Figure 1)
ªparse: resolve . . . into component partsº therefore converts anterior±posterior patterning of the
ÐOxford English Dictionary heart tube into left±right asymmetry.
Until the looping stage, all vertebratehearts are essen-
What are the pathways for the assembly of vertebrate tially indistinguishable (Fishman and Chien, 1997). The
organs, and how have these pathways evolved from fish retains the two-chamber arrangement as an adult.
those in more primitive organisms? Our goal here is to With the advent of lungs comes the need to separate
suggest one logical framework for approaching organ deoxygenated from oxygenated blood during the pas-
development, based upon recent genetic studies and sage of blood through the heart. In birds, mammals,
buttressed by evolutionary observations. We do not pre- and some reptiles, this separation is accomplished by
sume the model to be as compelling as that established development within the heart tube of complete struc-
for pattern and polarity in the Drosophila melanogaster tural septa between the right and left ventricles and
embryo, although we draw upon the logic of that system, between the right and left atria (Figure 1). In other lower
in proposing that single gene mutations can reveal units vertebrates, such as the frog, there is a single ventricle,
of vertebrate organ assembly, particularly the heart. but it is designed so that deoxygenated and oxygenated
These units we refer to as ªmodules,º by which we mean blood flow through it in fairly separate streams.
regions or functions of the heart, such as chamber des- Vertebrate Heart Evolution: A Genetic Revolution
ignation or localized pacemaker activity, which can be The evolution of vertebrates from an ancestral chordate
selectively perturbed by single gene mutations in mice was a process challenged by cardiovascular limitations.
or fish. The modules appear to be recent evolutionary Growth demanded proportional increases in blood sup-
additions, not present in primitive chordates, in contrast ply. The ancestral chordate is believed to have resem-
to myogenic cellular activity, which appears to be an bled the larva of current-day tunicates (Romer, 1967),
ancient metazoan property with molecular pathways the heart of which is a single muscle layer analogous
conserved from insect to mammal. We suggest, in a to a vessel and resembling the heart of Drosophila. This
heuristic vein, that it may be possible to view vertebrate tunicate heart lacks chambers and endocardium and
heart assembly as the sum product of separable genetic functions by peristalsis, reversing the direction of pump-
modules. ing every few minutes (Randall and Davie, 1980). In con-
The Vertebrate Heart Tube trast, the vertebrate heart manifests sequential chamber
The earliest functioning embryonic vertebrate heart is a contractions and drives flow in one direction at relatively
linear tube (Figure 1), aligned along the ventral midline high pressures. The modules added to generate the
and formed by the fusion of epithelial plates of cardio- vertebrate heart (Figure 2) support these physiological
genic cells from the left and right lateral mesoderm. The functions.
heart tube forms in the human at about 3 weeks of The polarity of blood flow requires proper placement
gestation, in the mouse at about embryonic day 8, and of a single overriding pacemaker, which establishes the
in the zebrafish about 19 hr after fertilization. The con- origin of the heart beat; a conduction system tosynchro-
nize the beat; and a node at the atrioventricular junctiontractile cells of the tube constitute the myocardium,
Figure 1. Key Stages in the Development of
the Vertebrate Heart
Key stages include the earliest assembled
heart tube (left), the tube after looping (mid-
dle), and the adult four-chambered heart
(right). Through the looping stage, the heart
tubes of all vertebrates are nearly identical.
Fish, lacking atrial and ventricular septa, have
a single atrium and a single ventricle. LA, left
atrium; LV, left ventricle; RA, right atrium; RV,
right ventricle; PA, pulmonary artery (carrying
deoxygenated blood to the lungs); Ao, aorta
(carrying oxygenated blood to the body).
³To whom correspondence should be addressed.
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Figure 2. Modules Added to a Presumptive Ancestral Chordate
Heart to Generate a Four-Chambered Vertebrate Heart
RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle.
Figure 3. Stages of Heart Development at Which Arrest Occurs with
Loss-of-Function Mutations in Homologous Genes in Drosophila
and Mouseto causea pause and thereby ensure sequential contrac-
Some of the same genes involved in cell specification and differenti-tions, first of the low-pressure atrium and then of the
ation appear to play additional roles in later steps of vertebratehigh-pressure ventricle. Valves are needed to prevent
heart development.retrograde flow. High-pressure generation is accom-
plished by concentric growth of the ventricular myocar-
in presumptive cardiogenic regions and in other sitesdium. As a consequence of myocardial growth, diffusion
as well (Harvey, 1996). Members of the MEF2 family ofno longer suffices to provide nutrients, so the myocar-
MADS-box transcription factors directly activate car-dium is invested with its own vessels, the coronary arter-
diac structural genes and are required for cardioblasties, which grow in from an encasing epicardium. Some
differentiation. In fruit flies, there is a single MEF2 gene,of these elements also appear to have arisen by conver-
which is directly activated by Tinman (Figure 3). In verte-gent evolution in the heart (or hearts) of particular in-
brates, there are four MEF2 genes that are expressedvertebrates, especially in large ones with high cardiac
in overlapping patterns in the cardiac as well as smoothoutputs, such as the octopus.
and skeletal muscle lineages (Lin et al., 1997). Fruit flyA key participating element in many of these modules
and vertebrate myocyte commitment also appears tois the endothelium, a cell type not present in hearts or
be similar in dependence upon signaling by membersvessels of tunicates or reported in invertebrates, to our
of the transforming growth factor-b family (dpp in theknowledge. Endocardial cells give rise to the valves
fly [Frasch, 1995] and BMP4 in vertebrates).
(Eisenberg and Markwald, 1995); endocardial signals
Mutations of Nkx2.5 (Lyons et al., 1995) or of a single
(such as neuregulin) regulate myocardial growth; and
MEF2 gene, MEF2C (Lin et al., 1997), in mice do not stopconduction tissue forms from myocardial cells adjacent
the establishment of cardiac cell fate. Rather, as de-
to endothelium. Hence, the advent of endothelium is
scribed below, they perturb later stagesof development,
intimately related to the development of elements needed
such as looping and chamber designation. Based on
to generate unidirectional flow at high pressures.
the lack of cardioblasts in tinman mutants and the failure
The vertebrate heart is asymmetric as a result of loop- of cardioblasts to differentiate in Drosophila mutants
ing of the ventricle to the right. The role of looping is lacking MEF2, the loss-of-function phenotypes of Nkx2.5
not clear. One possibility is that it positions inflow and and MEF2C mutant mice might have been predicted to
outflow through the heart to connect seamlessly with be more severe. The observation that the major cardiac
flow through the major vessels, which form by local defects in these mutants occur during relatively late
aggregation of angioblasts. In vertebrates with a ventric- stages of cardiac morphogenesissuggests that theearly
ular septum, the position of the bend in the loop defines cardiogenic functions that are confined to single regula-
the position of the interventricular septum between the tors in flies are distributed among several related family
right and left venticles (Figure 1). members in vertebrates. This redundancy may be the
Conservation of Cell Fate Machinery reason that the heart cell fate is reasonably well pro-
Among the transcription factors that drive the initiation tected against single gene mutation. Interestingly, some
of myogenic cell fate, at least two (Nkx/Tinman and of these same cell fate genes are redeployed in path-
myocyte enhancer factor-2 [MEF2]) are conserved in this ways that generate higher-order structures, pathways
role from fly to mouse (Figure 3). Without the homeobox that are more sensitive to their mutation, perhaps sug-
gene tinman (Bodmer, 1993), the fly remains heartless. gesting less redundancy in these later evolutionary func-
tions.The related Nkx family in vertebrates also is expressed
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Table 1. Modules of Heart Development, Revealed by Mutations in Mouse and Fish
Category ªModularº Step Mutant Phenotype Mouse Mutant Fish Mutant
Cell fate Endothelium No endothelium flk cloche
Axial form Tube fusion Cardia bifida GATA4 bonnie and clyde
miles apart
Concentric growth of myocardium Thin myocardium RXRag santa
RARa valentine
NF1 heart of glass
n-myc
TEF-1
ªSegmentationº Ventricular truncation MEF2C pandora
dHAND
Blob of heart tissue Ð heart and soul
Ventricular septation Ventricular septation defect n-myc Ð
Outflow tract septation and alignment Conotruncal defects NF-1 Ð
RXR/RAR
Component parts Coronary artery Absence of coronary arteries a4 integrin Ð
VCAM-1
Valve generation Absence of valves Ð jekyll
Integration Lateral asymmetry Abnormal looping inv iguana
iv cyclops
floating head
Many other midline mutants
The genes affected by the fish mutations have not been cloned. We apologize for the omission of several mutations and many references,
from the text and this table, due to space constraints. Some may be found in recent reviews (Rossant, 1996; Fishman and Chien, 1997).
ªModularº Morphogenesis expressed separately in the future right and left ventricu-
lar chambers, respectively, during mouse cardiogen-Some of the ªnewº modules of vertebrate hearts are
esis, as well as in neural crest cells, which contributeselectively perturbed by single gene mutations. Remark-
to septation of the outflow tract. Inactivation of dHANDably similar phenotypes have been noted in mouse and
expression in the mouse results both in the absence offish mutations. Mutations in zebrafish were discovered
the right ventricle and in neural crest±related abnormali-in large-scale chemical mutagenesis screens (Chen et
ties of the outflow tract (Srivastava et al., 1997).al., 1996; Stainier et al., 1996), so thegenes are unknown,
We suggest, therefore, that the ªmodularº steps inbut it seems improbable that they match by accident
Table 1 are units of organ assembly, each the end prod-those genes intentionally mutated in the mouse. This
uct of a particular biochemical pathway. While there aresuggests a conservation of essential cardiogenic path-
likely to be many proteins in each pathway, our hope isways and units of form over 450 million years of evo-
that with even one or two genes assigned by mutationallution.
analysis to each pathway, the rest may be amenable toFor example, as shown in Table 1, the zebrafish mu-
combined genetic and biochemical analyses. For exam-tant pandora is missing a portion of the ventricle. It
ple, the observation that several mutations have theresembles mouse mutants lacking the transcription fac-
same phenotype may indicate that their gene productstors MEF2C and dHAND, as well as another mouse mu-
function in the same pathway.tant called heart defect (hdf), which was obtained by
How complete is the list of units? There will undoubt-a random transgene insertion into an unknown gene
edly be more, but we suspect that the list of phenotypes(Yamamura et al., 1997). This selective truncation also
informative in this regard may be limited. Even though
resembles the effect of retinoic acid on the developing
the number of genes mutated in mice is small, the zebra-
zebrafish heart. Mutation of the cloche gene in zebrafish
fish screens have achieved sufficient saturation so that
and of the vascular endothelial growth factor receptor new phenotypes are being discovered at diminishing
gene, flk, in the mouse prevents the formation of most rates. Why do these phenotypes crop up repeatedly with
endothelium, including endocardium. Three zebrafish different mutations in different species? Perhaps the
mutations and targeted mutation of GATA4 in mouse modules constitute genetic units added relatively inde-
(Kuo et al., 1997; Molkentin et al., 1997) cause cardia pendently and late in evolution and have less redun-
bifida (failure of the bilateral cardiac primordia to fuse dancy than those governing essential establishment of
at the midline, with the subsequent formation of two cell fate. Alternatively, it may be that unlike screens of
hearts). Concentric thickening of the myocardium of the Drosophila body form, in which cuticle pattern was a
heart, especially the ventricle, does not occur in three good surrogate for molecular patterning, gross anatomy
zebrafish mutants and in mice bearing mutations in will not suffice and the ªrealº unitary decisions will be
RXRa (Sucov et al., 1994) and other genes. discovered in screens based upon more subtle pheno-
Of course, there are nomutations in the fish analogous types, such as changes in patterns of gene expression.
to those that disrupt septation of the heart or outflow Even if the modular hypothesis is true, by no means
tract, which contribute to separation of blood flow to would we predict genetic analysis to reveal all genes
the lungs. It is interesting that one set of basic±helix- involved in the development of the heart.Targeted muta-
tions of many genes in mice are without evident effect,loop-helix transcription factors, dHAND and eHAND, are
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an observation ascribed to redundancy of function way, to a primitive single-chambered peristaltic pump
of a presumptive ancestor.among genes or to subtlety of phenotype; other muta-
tions have effects too pleotropic to be informative. The next steps in the evaluation of this hypothesis
include identification of the other elements of the modu-Integration of the Heart into the Body Plan
The growth and function of the heart must be coordi- lar pathways that regulate morphogenesis and determi-
nation of relationships among pathways that define indi-nated with the rest of the organism. Not only must the
venous input connect to the atrium and the arterial out- vidual cell fate and higher-order form. As mutants that
affect other organ systems are characterized, it will alsoflow to the ventricle, but the heart needs to generate
blood flow proper to the animal's size and metabolic be of interest to determine whether the type of modular
logic that appears to underlie cardiac evolution and de-needs. There is a linear relationship between the amount
pumped with each beat and body weight, assayed in velopment reflects a general strategy for organogenesis.
animals varying nearly 2000-fold in weight. What genes
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Organotypic Units?
The limited number of informative phenotypes and simi-
larity among species suggest that there are at least a
few elements of heart formation that are ªmodularº and
amenable todissection as distinct genetic and biochem-
ical pathways. We propose that these were added to a
primitive chordate heart (Figure 2), a notion similar to
that for other modular evolutionary additions (Raff,
1996). Of course, we recognize that it may be overly
reductionist to claim that the units we see by standard
histology are those for which genetic pathways exist
and that those pathways have been added, in a modular
